Extracts of Paracoccus denitrijicans contain NADP-linked hydroxypyruvate reductase activity. The enzyme responsible has been separated and partially purified. It showed some activity with glyoxylate, acetoin, diacetyl and oxaloacetate and was 2% times as active with NADP as with NAD. It appears to be a constitutive enzyme and possible metabolic roles for it are discussed. Attention is drawn to the dangers of relying solely on the presence of hydroxypyruvate reductase as a diagnostic marker for the operation of a serine pathway of C;-assimilation in a micro-organism. The malate dehydrogenase from Pa. denitrijicans has been partially purified and shown to possess no glycerate dehydrogenase or hydroxypyruvate reductase activity.
INTRODUCTION
Extracts of Paracoccus denitrificans grown on several carbon substrates contain an apparent pyridine nucleotide-linked hydroxypyruvate reductase activity for which there is no obvious metabolic role (Gibbs, 1966; Blackmore & Quayle, 1970; Cox & Quayle, 1975) .
Included amongst such growth substrates is methanol and this might suggest the operation of a serine pathway, although the enzyme profile of the organism indicates that growth on this substrate is autotrophic (Cox & Quayle, 1975) . Since hydroxypyruvate reductase is widely used as a marker enzyme diagnostic of the serine pathway of G-assimilation, its apparent presence in a methanol-grown organism, despite its apparent lack of function, signals a need for caution and raises the question whether it is indeed a hydroxypyruvate reductase or some other relatively non-specific enzyme. The aim of the present investigation was to characterize the enzyme responsible. ment. To the crude extract at 4 "C was added 33 % (v/v) of a 2 % (w/v) solution of protamine sulphate. The mixture was stirred for 20 min and centrifuged (38000 g, 20 min, 2 "C).
Step 2: first ammonium sulphate treatment. The supernatant from step I was taken to 50 % of saturation with (NH&S04 by the slow addition of solid (NH4)$04 at 4 "C. The table of Dixon (1953a) was used to compute the amount of (NH&S04 required. After equilibration at 4 "C for 20 min, the mixture was centrifuged (38000 g, 20 min, 4 "C) and the pellet was redissolved in a minimum volume of 50 mM-potassium phosphate, pH 7.0.
Step 3: hydroxylapatite chromatography. The redissolved pellet was applied at 4 "C to a column of hydroxylapatite (Bio-Rad Bio-Gel HTP; 2 x 3 cm) previously washed with 50 mM-potassium phosphate, pH 7.0. The enzyme did not bind and was eluted with the same buffer.
Step 4: second ammonium sulphate treatment. The active eluate from step 3 was taken to 30 % of saturation with (NH4)$0( as described above and the resulting precipitate was discarded. The supernatant was taken successively to 40 % and 50 % of saturation with (NH&SO4 and the redissolved precipitates (which both contained hydroxypyruvate reductase activity) were pooled.
Step 5 : Sephadex G-150 chromatography. The combined redissolved pellets from step 4 (4 ml) were applied to a column of Sephadex G-150 (2 x 32 cm) previously equilibrated with 50 mwpotassium phosphate, pH 7.0. The column was eluted with the same buffer at 4 "C. Fractions (4 ml) were collected and those showing significant hydroxypyruvate reductase activity were pooled and stored at -15 "C.
Partial purification of oxaloacetate reductase (malate dehydrogenase) from Pa. denitrificans.
Step 2 : first ammonium sulphate treatment. The supernatant from step 2 of the above purification procedure [i.e. that material not sedimented at 50 % of saturation with (NHJ2SO4] was taken to 85 % of saturation with (NH.&so4 as described above; the resulting pellet was redissolved in a minimum volume of 50 m-potassium phosphate, pH 7.0.
Step 3 : hydroxylapatite chromatography. This was performed in a similar manner to that described in step 3 above.
Step 4: second ammonium sulphate treatment. The active eluate from step 3 was taken successively from o to 50 %, 50 to 60 % and 60 to 70 % of saturation with (NH4)$04 as described above. Malate dehydrogenase was precipitated in the last two fractions and the appropriate redissolved pellets were pooled and dialysed at 4 "C for 2 h against I 1 10 mM-potassium phosphate, pH 7.0.
Step 5 : ion-exchange chromatography. The dialysed enzyme from step 4 was applied to a column (I 3 x 4 cm) of DEAE-cellulose (Whatman DE-52) previously washed with 10 mM-potassium phosphate, pH 7.0. The column was then successively eluted at 4 "C, with 10, 50, 100, 150 and 200 mM-potassium phosphate, pH 7.0. The malate dehydrogenase was eluted by 100 mM-phosphate.
PolyacryZamide gel electrophoresis. This was performed according to the method of Davis (1964) without the use of a large pore gel. Gels (7 %, w/v) were used at pH 8-3. Bromophenol blue (I ml of 0.01 %, w/v) was used as tracking dye; electrophoresis was carried out at 2 mA per tube until the dye had almost left the base of the gel (about 2 h). Gels were fixed in 7 % (v/v) acetic acid and stained using 0.05 % (w/v) Naphthalene Black 12B in the same solvent. After staining for at least I h, excess dye was removed by washing overnight in 7 % (v/v) acetic acid. Glycerate dehydrogenase activity was located in unfixed gels using the mixture: 1.0 ml 200 a-potassium phosphate, pH 7.0; 0.2 ml 0.8 % (w/v) Nitrobluetetrazolium; 0-1 ml 33 mMphenazine methosulphate; 0 -1 m14 m-NAD(P)H; 0.1 ml 100 mM-DL-glycerate; and enough water to cover the gel. Malate dehydrogenase was located using the same mixture except for the replacement of glycerate by DL-malic acid.
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RESULTS
Separation of hydroxypyruvate reductase and oxaloacetate reductase (malate dehydrogenase) from Pa. denitr$cans Preliminary work had shown that the NAD(P)H-linked hydroxypyruvate reductase showed activity with oxaloacetate. Cell-free extracts of Pa. denitriJicans also contained very high activities of NAD(P)-linked malate dehydrogenase. In view of the activity of the hydroxypyruvate reductase with respect to oxaloacetate, there seemed a possibility that the malate dehydrogenase, working in reverse, might also be able to reduce hydroxypyruvate, thus contributing to the overall hydroxypyruvate reductase activity measured in crude extracts. In order to check this possibility, both enzymes were partially purified from the same extract of methanol-grown Pa. denitrzjicans (Tables I and 2 ). NADPH was the preferred reductant for the hydroxypyruvate reductase, the ratio of activities with NADPH and NADH in the most purified fraction being 2-45: I. In contrast, NADH was the preferred electron donor for the oxaloacetate reduction, the ratio of activities with NADH and NADPH in the most purified fraction being 20.4: I . The fact that both ratios remained fairly constant during the respective purifications implied that single enzymes were involved.
The purified oxaloacetate reductase showed no detectable activity with hydroxypyruvate as substrate, with either NADH or NADPH as reductant. It is clear therefore that this enzyme is more properly termed a malate dehydrogenase. The purified hydroxypyruvate reductase showed activity with oxaloacetate as substrate. The ratio of the activities of NADPH-linked hydroxypyruvate reductase to that of NADPH-linked oxaloacetate reductase in the most purified fraction was 3.3 : I.
Relative thermal stabilities of hydroxypyruvate reductase and malate dehydrogenase. The two enzymes, measured as NADPH-dependent reduction of hydroxypyruvate and NADH-dependent reduction of oxaloacetate respectively at pH 7.0, showed markedly different stabilities when heated at 42 "C in 50 mwphosphate buffer, pH 7.0. The half-life of the former enzyme was approximately 35 min, that of the latter enzyme was approximately 3 min.
Purity of hydroxypyruvate reductase and malate dehydrogenase. Partially purified hydroxypyruvate reductase (after step 5, Table I ) showed 12 to 14 protein bands on polyacrylamide gels at pH 8.3. Of these, two showed glycerate : NAD(P)+-dependent reduction of Nitrobluetetrazolium in the presence of phenazine methosulphate (Table 3) . Both bands also showed activity with malate as electron donor and there was an additional, slower moving band (RF 0.4) of malate:NAD+ dehydrogenase activity. If the enzyme extract was heated to 40 "C for 30 min prior to loading on to the gel, the slower moving band of malate : NAD+ dehydrogenase activity (RF 0.44) did not appear, whereas the two faster bands still appeared.
Partially purified malate dehydrogenase (after step 5, Table 2 ) showed seven bands after protein-staining of the gels. Three of these gave DL-or L-malate-dependent deposition of formazan in the presence of NAD+ (though not NADP+) and phenazine methosulphate; no band showed activity with glycerate as electron donor (Table 3 ). This rules out the possibility that the band with R F value of 0.67 from the malate dehydrogenase preparation is identical with that of RF value 0.63 from the hydroxypyruvate reductase preparation. Prior heating of the enzyme extract abolished or diminished appearance of the bands at RF 0.39 and 0.67.
The results of this experiment confirm those obtained during the enzyme purification procedures and heat stability tests and indicate that Pa. denitrijicans possesses separate malate dehydrogenase and hydroxypyruvate reductase enzymes. The former enzyme was heat-labile and catalysed the oxidation of malate by NAD+ or NADP+; the latter enzyme was heat-stable and catalysed the oxidation of both glycerate and malate by NADP+ or NAD+. Step Jakoby ( I 968 b) .
Substrate speczjicity. No other substrate tested under the standard assay conditions was as active as hydroxypyruvate, although glyoxylate, acetoin and diacetyl at high concentrations showed some activity ( Table 4) . Oxaloacetate was reduced at about one-third the rate of hydroxypyruvate.
That each of the activities reported in Table 4 (except the total oxaloacetate reductase activity) was due to the hydroxypyruvate reductase is suggested by the observation that heating of the enzyme preparation to 40 "C for 30 min led to a 10 to 25 % loss of activity with each of the listed substrates. In the case of oxaloacetate reductase activity, 79 % was lost during the heat treatment. This indicates the presence in the preparation of some heatlabile enzyme, probably the malate dehydrogenase running at RF 0-44 in polyacrylamide gel electrophoresis (Table 3 ). The oxaloacetate reductase activity remaining in the enzyme preparation after heating may be ascribed to the heat-stable hydroxypyruvate reductase, running at RF 0.63 and 0.85 during electrophoresis (Table 3 ). The enzyme staining of the gels showed that the heat-stable glycerate dehydrogenase also possessed heat-stable malate dehydrogenase activity. It therefore seems likely from the data in Tables 3 and 4 that the hydroxypyruvate reductase can itself reduce oxaloacetate at approximately one-tenth the rate of hydroxypyruvate. Stability. Hydroxypyruvate reductase lost activity slowly on storage at -15 "C interspersed with frequent thawing and re-freezing. Approximately 20 % of the activity was lost over eight cycles of freezing and thawing.
Eflect of anions.
Citrate was an inhibitor of hydroxypyruvate reductase, and was competitive with respect to hydroxypyruvate [Ki = 32 mM, determined by the method of Dixon (1953b) under standard assay conditions at pH 7.01. Bromide and iodide at 33 mM inhibited the enzyme by 38 % and 39 % respectively. This is in marked contrast to the hydroxypyruvate reductase of Ps. acidovorans described by Kohn & Jakoby (1968b) which was activated by similar concentrations of bromide and iodide.
Re.verse reaction. The reaction catalysed by hydroxypyruvate reductase could readily be reversed, particularly at higher pH values. With 3-3 mM-DL-glycerate and 0-13 mM-NADP+ as substrates, a rate of dehydrogenation of 77 nmol min-l (mg protein)-l was observed in 100 mM-Tris/HCl buffer, pH 8.0. Under standard assay conditions at pH 7.0 the same enzyme preparation showed a specific activity of 330 nmol min-1 (mg protein)-l with respect to reduction of hydroxypyruvate.
Comparison with the hydroxypyruvate reductase from Pseudomonas AM I. The hydroxypyruvate reductase of methanol-grown Pseudomonas AMI is clearly involved in a serine pathway of C,-assimilation, hence a detailed comparison between the enzymes from Pa. denitrzjicans and Pseudomonas AMI would be of interest. The latter enzyme has not been purified and fully examined ; however, studies with partially purified preparations (Large & Quayle, 1963; C. W. Bamforth, J. Brannan & J. R. Quayle, unpublished work) have shown that the enzyme is similar to that from Pa. denitrijicans in respect of pH optimum, relative specificity towards glyoxylate and oxaloacetate as substrates, and competitive inhibition by citrate. The most striking difference appears in the specificity towards the pyridine nucleotides, NADH rather than NADPH being preferred by the enzyme from Pseudomonas AMI.
Hydroxypyruvate redwtase in Pa. denitrijicans The presence of hydroxypyruvate reductase activity in an organism might be symptomatic of one of several metabolic roles: (i) conversion of the C,-skeleton of serine to phosphoglycerate in the serine pathway of carbon assimilation during growth on C,-compounds as in Pseudomonas AMI (Quayle, 1972) ; (ii) conversion of tartrate to glycerate as in Pseudomonas putida and Ps. acidovorans during growth on tartrate (Kohn & Jakoby, 1968a) ; (iii) as a tartronate semialdehyde reductase in the glycerate pathway of biosynthesis from glycollate or glyoxylate as in pseudomonads and Escherichia coZi (Kornberg, 1966) ; (iv) as a tartronate semialdehyde reductase during growth on glucarate as in enterobacteria (Wood, 1972) ; (v) conversion of glycerate to serine in a non-phosphorylated pathway of serine biosynthesis, as suggested for mammalian tissue (Willis & Sallach, I 962).
Possibility (i) is unlikely because Pa. denitrijicans utilizes the ribulose diphosphate cycle during growth on methanol (Cox & Quayle, 1975) . Possibility (ii) is not applicable because the organism does not grow appreciably on D-, L-or meso-tartrate. Possibility (iii) is excluded because the organism grows on glycollate and glyoxylate by the P-hydroxyaspartate pathway and not the glycerate pathway (Kornberg & Morris, 1965) . Possibility (iv) is excluded because the organism does not grow appreciably on glucarate. With regard to possibility (v), assay of cell-free extracts of Pa. denitrijcans showed the presence of the three enzymes of the phosphorylated pathway of serine biosynthesis : phosphohydroxypyruvate reductase, phosphoserine aminotransferase and phosphoserine phosphatase at specific activities of 4, 7 and 5 nmol min-l (mg protein)-l respectively. Thus it does not seem likely that Pa. denitrijicans is an exception to the general rule that bacteria appear to use the phosphorylated rather than the non-phosphorylated pathway of serine biosynthesis (see Harder & Quayle, 1971 a) and hence there is no evidence in support of possibility (v) .
The specific activity of hydroxypyruvate reductase remains at a low constant level during growth of the organism on a variety of substrates (Table 5 ). This gives no indication of any special role for the enzyme during metabolism of a single class of substrate.
DISCUSSION
It has been known for some time that extracts of Pa. denitrijicans catalyse high rates of reduction of oxaloacetate and hydroxypyruvate with NADPH as electron donor (Kornberg d?z Morris, 1965; Gibbs, 1966) . By virtue of this property, extracts of the organism have Hydroxypyruvate reductase in Pa. denitrijcans 267 see also Kato et al. (1977) . It should be emphasized that other evidence is needed, e.g. presence of other enzymes of the serine pathway and their induction or derepression during growth on C,-compounds. The danger of uncritical acceptance of the mere presence of low levels of hydroxypyruvate reductase as a diagnostic marker is underlined by its apparently transvestite appearance in Pa. denitriJicans growing autotrophically on methanol.
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